We examined whether forest fragmentation by agriculture influenced the abundance of North American red squirrels (Tamiasciurus hudsonicus) in the southern boreal mixedwood forest of Saskatchewan. During the summers of 1995 and 1997, we determined the relative abundance of red squirrels in 43 forest fragments ranging in size from 0.2 to 82 ha and in 15 sites in nearby contiguous forest. Relative abundance was determined using acoustic point count surveys, in which all squirrel vocalizations were recorded. Within the fragmented agricultural landscape, we found that red squirrel abundance increased slightly with forest-fragment size, whereas the abundance of red squirrels was negatively correlated with the amount of forest cover within 1 km of a site. We also compared squirrel abundance in forest fragments with that in contiguous forest and found that red squirrels were significantly more abundant in forest fragments than in contiguous forest. We speculate that changes in dispersal patterns in fragmented forest habitats, higher squirrel survival in forest fragments, and differences in diet between contiguous and fragmented forest habitats contributed to this pattern. Our results suggest that forest fragmentation may not be particularly detrimental to habitat generalists like the red squirrel. However, an increased abundance of red squirrels in forest fragments may result in negative effects on other species, such as forest songbirds.
Introduction
Conversion of forested landscapes into agricultural land has been shown to have deleterious effects on several vertebrate taxa, primarily owing to loss of habitat (Andrén 1994; Robinson and Wilcove 1994; Oehler and Litvaitis 1996; Luiselli and Capizzi 1997; Fahrig and Jonsen 1998) . However, forest species dependent on remnant forest patches in agricultural landscapes may suffer additional negative effects from altered biotic and abiotic processes associated with reduced forest patch size, increased length of forest edge, and greater patch isolation (van Dorp and Opdam 1987; Saunders et al. 1991; Woodroffe and Ginsberg 1998) . In contrast, species with good mobility and broad dietary niches, such as the American crow (Corvus brachyrhynchos), raccoon (Procyon lotor), white-tailed deer (Odocoileus virginianus) , and brown-headed cowbird (Molothrus ater), often benefit from a moderate level of forest fragmentation (Saunders et al. 1991; Andrén 1992; Oehler and Litvaitis 1996) .
Holarctic tree squirrels (genera Sciurus, Tamiasciurus, and Glaucomys) generally are found in forested habitat (Gurnell 1987) . However, different species within these genera seem to be able to tolerate very different levels of forest fragmentation. Numerous studies of Eurasian red squirrels (Sciurus vulgaris) have demonstrated that this species is less likely to be present in small, isolated forest fragments surrounded by agricultural land than in larger forest blocks that are closer to other forest patches (Verboom and van Apeldoorn 1990; Celada et al. 1994; van Apeldoorn et al. 1994 ). The mecha-nisms causing sensitivity to patch area and isolation in this species are unclear, but are thought to be due to problems in dispersal across open agricultural habitats (Wauters et al. 1994) . Similar patterns have been observed for gray squirrels (Sciurus carolinensis), although they presumably are better at crossing open habitats, given their rapid spread across fragmented landscapes in Europe (Kenward 1985; Fitzgibbon 1993; Wauters et al. 1997) . In contrast, the fox squirrel (Sciurus niger) seems to be well adapted to fragmented landscapes, as it is more likely to be found in intermediate-sized forest fragments in agricultural landscapes than in large forest blocks (Nixon and Hansen 1987; Sheperd and Swihart 1995) . The ability of fox squirrels to thrive in fragmented landscapes is undoubtedly linked to the fact that they often feed on agricultural crops and seem better able to cross open spaces than other squirrel species (Nixon and Hansen 1987; Sheperd and Swihart 1995) .
The North American red squirrel (Tamiasciurus hudsonicus, hereinafter, red squirrel) is a forest generalist that, although most abundant in conifer-dominated forests, can be found in a wide variety of forest types (Rusch and Reeder 1978; Burt and Grossenheider 1980) . Males and females typically hold nonoverlapping territories, with densities of around 1 or 2 individuals/ha (Rusch and Reeder 1978; Burt and Grossenheider 1980; Larsen and Boutin 1995; Corkum et al. 1999) , although individuals in high-density populations often have smaller territory sizes than those in lower-quality habitats (Sullivan 1990; Klenner and Krebs 1991) . Establishment of territories usually occurs within 100 m of natal sites, although exploratory movements of over a kilometre are common (Larsen and Boutin 1995) . Relative to other North American squirrel species, red squirrel populations have a higher potential growth rate, owing to their larger litter sizes, which may allow their populations to react to environmental variability more effectively than other species (Swihart and Nupp 1998) . Although considerable information is available on red squirrel ecology, little is known about how habitat fragmentation influences this species. A recent demographic model by Swihart and Nupp (1998) suggested that red squirrels are less likely to be negatively effected by forest fragmentation than other squirrel species and are more likely to have similar population densities in fragmented landscapes and contiguous forest.
The objective of our study was to test whether the relative abundance of red squirrels was influenced by habitat fragmentation in the southern boreal mixedwood forest of central Saskatchewan. In particular, we were interested in knowing whether forest-fragment size, forest-fragment shape, or level of isolation influenced the relative abundance of red squirrels in forest patches within an agricultural landscape. We also compared the relative abundance of red squirrels in forest fragments and contiguous forest.
Materials and methods

Study area and site selection
Our study was conducted in the southern boreal mixedwood zone of north-central Saskatchewan in 1995 and 1997. The two landscapes where we conducted our study were Prince Albert National Park (hereinafter PANP), a 387 500 ha block of contiguous forest surrounded by agricultural land and commercial forest, and the rural municipality of Paddockwood, a 135 000 ha area of privately owned land, of which 70% is used for grain, hay, or cattle production (see figure in . Approximately 25% of this rural municipality is forested: mostly as small forest patches (<100 ha) completely surrounded by agricultural land. Forests in this area are dominated by white spruce (Picea glauca) and trembling aspen (Populus tremuloides), with some black spruce (Picea mariana), jack pine (Pinus banksiana), balsam poplar (Populus balsamifera), and white birch (Betula papyrifera). The proportion of white spruce and aspen in stands depends on a variety of factors, including human activity, soil conditions, stand age, and fire history (Eberhart and Woodard 1987) . The shrub layer is highly variable in density and composition, with beaked hazelnut (Corylus cornuta), red-osier dogwood (Cornus stolonifera), green alder (Alnus crispa), and white spruce saplings being the most common shrubs present.
We identified potential sites in the agricultural landscape using air photographs with a scale of 1 : 12 500. Forest fragments in the agricultural landscape were selected on the basis of their tree composition, stand age, isolation, lack of disturbance (e.g., cattle grazing or selective timber harvest), and size. All point-count stations were placed in upland forest stands that had greater than 25% white spruce in the canopy. All stands surveyed were >50 years old and fragments were completely isolated from others by a field or pasture opening of >30 m. Sites ranged in size from 0.2 to 81.0 ha. Control sites were chosen from forest inventory maps for PANP and were located in upland forests similar to those surveyed in the agricultural landscape (Table 1) .
Survey methods
We evaluated the relative abundance of squirrels in each landscape using a 10-min acoustic point count technique (Hagan et al. 1996; Mattson and Reinhart 1996; Tewksbury et al. 1998; Corkum et al. 1999 ). Between 04:00 and 09:30 CST, red squirrels seen or heard giving rattle, screech, or chip calls (Lair 1990 ) were recorded. The number of point-count stations established at a site depended on the size and shape of the site. All sites had a maximum of five point-count stations that were at least 250 m from one another and, where possible, 100 m from any anthropogenic edge. Each point-count station was visited twice per season, once in late May or early June and once in late June or early July. We used two observers in each year and alternated observers between visits at each site. In contiguous forest, we surveyed a total of 17 sites over the 2 years. In the agricultural landscape, 32 sites were surveyed over the 2 years. The 12 forest fragments surveyed in 1995 were resurveyed in 1997. None of the contiguous forest plots were resurveyed between years.
Environmental attributes
At each point-count station, we estimated several vegetation attributes. Estimates of canopy and shrub closure, as defined by the Saskatchewan forest inventory system, were made to the nearest 10% (Kabzems et al. 1986 ). The proportion of the canopy and shrub layers composed of coniferous tree species was estimated to the nearest 10%; the average height of the overstory was estimated to the nearest metre and the average height of the shrub layer to the nearest 25 cm. Finally, in four 1-m 2 quadrats, placed 15 m apart and in the four cardinal directions centered at the point-count station, we determined the percentage of cover to the nearest 10% for low shrubs, mosses, grasses, and herbs. Shrubs were defined as any woody species 1-3 m in height.
To determine levels of forest fragmentation in the agricultural landscape, we used LANDSAT Thematic Mapper satellite imagery taken in 1995 by the Prairie Farm Rehabilitation Agency. Using the geographic information system Idrisi, we generated maps centered on each site that were 1 km in radius. Each map was coded for three categories: forest, water, and nonforested habitat. From each map, we derived a variety of landscape metrics using the computer program FRAGSTATS (McGarigal and Marks 1995) .
Statistical analysis
A two-factor analysis of covariance (ANCOVA) was used to determine whether the relative abundance of red squirrels differed between landscapes and years. Our index of relative abundance was the mean number of squirrels per site, and was calculated by using the largest value from the two censuses at each station and averaging these values for all points within a site. To reduce heteroscedasticity and increase normality, relative abundance was square-root transformed. As many of the vegetation variables were significantly different between landscapes (Table 1) , we also included vegetation attributes as covariates. To reduce the number of vegetation variables, we used principal components analysis (PCA) to create three uncorrelated orthogonal factors (Table 1) . Vegetation data were standardized to zero mean and unit variance before they were entered into the PCA. Nonsignificant PCA factors (P > 0.10) were sequentially removed from the ANCOVA model to increase statistical power (Alisauskas and Ankney 1994) .
To determine whether relative abundance of red squirrels in the agricultural landscape was influenced by landscape attributes, we conducted a stepwise multiple regression. The independent variables included were forest-fragment size in hectares (size), percentage of landscape that was forested in a 1-km radius around a site (land1), distance to the nearest forest patch (near), and forestfragment shape as measured by its fractal dimension (shape; see McGarigal and Marks 1995) . Higher fractal dimensions indicated more irregularly shaped patches. All PCA factors were also included. Size and near were logarithmically transformed, while land1 was arcsine transformed. Year was included as a dummy variable. The r values reported are partial correlation coefficients controlling for the effects of the other independent variables retained in the model.
To compare point counts with other means of determining relative abundance of red squirrels, we contrasted our point-count data with livetrapping data collected at a subset of sites (see Bayne and Hobson 1998 for methodology). For 20 sites (both forest fragments and contiguous forest), we calculated the number of squirrels captured per 100 trap nights. We then used a Pearson's correlation coefficient to determine if the relative abundance of squirrels as estimated by livetrapping was similar to that estimated by point counts.
All data are reported as means ± 1 standard deviation (SD) unless otherwise stated. All analyses were conducted using the computer program SPSS (Norusis 1993) .
Results
We found that red squirrel abundance was significantly higher (F [1, 51] = 8.1, P = 0.001) in forest fragments (2.3 ± 1.2) than in contiguous forest (1.1 ± 0.7). Even though vegetation structure differed significantly between landscapes (Table 1) , it had no effect on red squirrel abundance, as PCA factors 1 (t = 1.3, P = 0.20), 2 (t = 0.6, P = 0.56), and 3 (t = -0.1, P = 0.96) were not significant. The relative abundance of red squirrels was similar (F [1,51] = 2.2, P = 0.14) in 1995 (1.7 ± 1.1) and 1997 (2.2 ± 1.1). The pattern of higher squirrel abundance in forest fragments was consistent between years, as the interaction between year and landscape was not significant (F [1, 51] = 1.7, P = 0.20; Table 2 ). The multiple regression model was significant (F [2, 40] = 4.9, adjusted r 2 = 0.16, P = 0.01), but explained little of the variation in the data set. The abundance of red squirrels was negatively correlated with land1 (t = -2.0, r = -0.21, P = 0.05; Fig. 1A ) and positively correlated with size (t = 2.9, r = 0.25, P = 0.006: Fig. 1B) . Near (t = 0.005, P = 0.99), factor 3 (t = 0.28, P = 0.78), year (t = 0.34, P = 0.73), shape (t = -1.3, P = 0.18), factor 2 (t = 1.3, P = 0.18), and factor 1 (t = 1.5, P = 0.15) were not significant. The increase in squirrel abundance with size was driven primarily by the two smallest fragments (Fig. 1B) ; when these fragments were removed from the regression model, size was no longer significant (t = 1.7, r = 0.18, P = 0.09) but land1 remained significant (t = -2.0, r = -0.28, P = 0.05).
Based on trapping data from Bayne and Hobson (1998), we found a significant correlation in abundance estimates generated by livetrapping and point counts (r = 0.43, P = Note: Values are given as means ± 1 SD. Also provided are the factor loadings for each attribute with the 3 PCA factors: *, the highest factor loading for the vegetation variable. Table 1 . Vegetation-attribute data for the agricultural landscape and contiguous forest studied. 0.04). This suggests that acoustic surveys are an effective means of assessing the relative abundance of red squirrels. However, two limitations to our trapping versus point-count correlation must be pointed out. First, point counts were conducted mainly in June and livetrapping in July and August. Second, trapping transects were not located in exactly the same locations as the point-count stations. Further data are required to determine exactly how well acoustic surveys reflect the abundance of red squirrels (i.e., Mattson and Reinhart 1996) .
Discussion
In our study area, red squirrels were ubiquitous, occurring in all contiguous forest plots and in 95% of the forest fragments. None of the vegetation factors were significant, indicating that red squirrels have fairly general habitat requirements in terms of forest structure. The relative abundance of red squirrels increased slightly with forest-fragment size, but this relationship was weak, suggesting that red squirrels are not area sensitive to any great extent. In contrast, we found that forest fragments with little forest cover surrounding them had higher relative abundance of red squirrels than less isolated patches. Similarly, the relative abundance of red squirrels was considerably higher in the fragmented agricultural landscape than in contiguous forest. The cause of these patterns is not clear.
Numerous studies of mice and voles on islands surrounded by water have demonstrated increased densities relative to mainland populations, due to reduced dispersal, increased survival, and the absence of predators (for reviews see Gliwicz 1980; Adler and Levins 1994) . Although dispersal through an agricultural matrix is easier than crossing water, the increased relative abundance of red squirrels in our agricultural landscape may also be due to limits on dispersal (Nupp and Swihart 1996) . Several studies have shown that Eurasian red squirrels are unlikely to cross open fields or clearcuts (Andrén and Delin 1994; Wauters et al. 1994 ). This may result in dispersing individuals remaining within patches until the population density becomes so high that intraspecific competition forces some individuals to disperse through the open landscape matrix (Wauters et al. 1997 ).
Other sciurids, such as the fox squirrel, gray squirrel, and eastern chipmunk (Tamias striatus), also demonstrate a reluctance to cross open spaces when moving between forest patches, and tend to rely on hedgerows to move through agricultural landscapes (Henderson et al. 1985; Fischer and Holler 1991; Sheperd and Swihart 1995) . Few of our forest fragments were connected by hedgerows, which may have prevented dispersal into and out of forest fragments.
Although the risk of predation increases when animals disperse across open habitats, red squirrels may be less susceptible to predators in agricultural landscapes than in contiguous forest. Important red squirrel predators such as the barred owl (Strix varia), northern goshawk (Accipiter gentilis), and fisher (Martes pennanti), species adapted to hunting in forested environments, are less common in fragmented landscapes (Arthur et al. 1989; Laidig and Dobkin 1995; Mazur et al. 1997) . These species tend to be replaced by more generalist predators, such as coyote (Canis latrans), red fox (Vulpes vulpes), and great-horned owl (Bubo virginianus), which often hunt along the edges of and (or) within the agricultural matrix itself and, so, may have less effect on red squirrel numbers than predators using contiguous forest (Morrell and Yahner 1994; Bosakowski and Smith 1997; Kurki et al. 1998; Tremblay et al. 1998) .
Previous studies have demonstrated that red squirrel population density is regulated by food, particularly spruce-and pine-cone crops (Gurnell 1983; Sullivan 1990 ; but see Rusch and Reeder 1978) . A greater abundance of food in forest fragments may, in part, be responsible for the higher abundance of squirrels found there. The increased survival of fox squirrels in fragmented landscapes has been attributed to their use of agricultural crops (Baumgartner 1943; Sheperd and Swihart 1995) . Whether red squirrels feed extensively in cropland in our area is unknown, although personal observations and discussions with numerous farmers suggest that red squirrels occasionally feed in grain piles and grain storage bins at the edge of forest fragments. Alternatively, some Note: Values are given as means ± 1 SD, with number of sites surveyed in each landscape in each year in parentheses.
a Sites were surveyed in both years in the agricultural landscape. Table 2 . Abundance of red squirrels per site. a tree species have higher cone production along edges, owing to warmer temperatures, increased light absorption (Lamont et al. 1994; Stoll and Schmid 1998) , and a higher nutrient availability due to fertilizer drift (Schultz et al. 1995; Skeates and Haavisto 1995; Boutin and Benoit 1998; Tsiouris and Marshall 1998) . If cone-crop production is influenced by the proximity of coniferous trees to edge, then more squirrels may exist in forest fragments with a greater proportion of edge, because of an increase in their major food source. Although there is a higher relative abundance of red squirrels in forest fragments, this does not necessarily indicate that they breed more successfully in forest fragments than in contiguous forest (Van Horne 1983) . In high density populations of European red squirrels, a large proportion of the population is unable to defend a core area and, thus, does not breed (Wauters and Lens 1995) . Similarly, red squirrel population densities in North America often increase with supplemental food, yet the number of breeding females rarely changes relative to controls, indicating an increase in the nonbreeding component of the population with density (Sullivan 1990; Klenner and Krebs 1991; Sullivan and Klenner 1993; Ransome and Sullivan 1997) .
The higher abundance of red squirrels in fragmented landscapes does not seem to be unique to the boreal forest. In deciduous forests of the midwestern United States, red squirrels have expanded their range in conjunction with forest fragmentation and are commonly found in small and isolated forest fragments (Mumford and Whitaker 1982; Swihart and Nupp 1998) . In contrast, gray squirrels and southern flying squirrels (Glaucomys volans) have declined in the same area and tend to be found only in large patches near other forested areas (Brown and Batzli 1984; Swihart and Nupp 1998) . Potentially, the decline in gray squirrels and southern flying squirrels in fragmented areas, has resulted in a competitive release that has benefited the red squirrel (e.g., Nupp and Swihart 1996; Swihart and Nupp 1998) . However, competitive release seems an unlikely explanation for the higher abundance of red squirrels in our study area, as the other large sciurid in the boreal forest, the northern flying squirrel (Glaucomys sabrinus), also seems to be more abundant in forest fragments than in contiguous forest (Bayne and Hobson 1998) .
Our results are in distinct contrast with those of Tewksbury et al. (1998) , who found that red squirrels were more common in contiguous riparian forest in Montana than in fragmented riparian forest patches. However, the fragmented landscapes surveyed by Tewksbury et al. (1998) were mostly deciduous forest, whereas the contiguous forest surveyed had a larger proportion of coniferous trees in the surrounding landscape. With no control for vegetation effects at scales appropriate for the red squirrel (Corkum et al. 1999) , the results of Tewksbury et al. (1998) are difficult to interpret.
The higher abundance of red squirrels in forest fragments suggests that there are differences in the mechanisms regulating squirrel abundance in each landscape. Determining these mechanisms is important to the understanding of red squirrel population dynamics at landscape scales, and also to how landscape influences interactions between squirrels and other species. For example, red squirrels are the dominant predator of forest songbird nests in many areas (Willson and Comet 1996; Darveau et al. 1997; Tewksbury et al. 1998 ). Thus, if habitat fragmentation results in a higher red squirrel population density in remnant forest patches, predation rates on forest songbirds may also increase (i.e., . Similarly, squirrels are important predators and dispersers of seeds and may influence the recruitment of trees, which, in turn, may alter habitat structure for other animals (McCarthy 1994; Hutchins et al. 1996) . Clearly, to fully understand the consequences of habitat fragmentation, more studies that examine how interactions between different species are altered by landscape structure and context are required.
